the sampling mission must be subsonic. This presents a contradiction--the most straightforward way to achieve high altitudes is to fly fast, but this airplane must fly high and slow--a very difficult thing to achieve.
Because of the exponential lapse of air density with altitude, a subsonic aircraft flying at 80 kft altitudes cannot generate much lift (see Fig. 1 ). Even at reasonably high speeds (M = 0.5) the dynamic pressure available limits wing Ioadings to only 7 to 12 psf; more like a sailplane than a powered aircraft.
THE PROPULSION CHALLENGE
It is widely acknowledged that the propulsion system is the most difficult technical challenge. Whether it is manned or unmanned, an aircraft designed to fly subsonically >80 kft for >4 hrs will NASA/TM--1998-206636 require a propulsion system that is quite different from existing systems. Because of range and flight duration, air breathing propulsion is required. In this flight regime, however, air breathing propulsion is difficult to achieve. The difficulty arises from the exponential lapse of air density and pressure with altitude. At 80 kft the ambient air density and pressure are about 1/30th of sea level values. As Fig. 1 shows, subsonic forward speeds do not generate much inlet pressurization (at 80 kft, M = 0.5, less than 10 psf is available). Therefore, turbomachinery is needed to supply most of the intake pressurization required to compress ambient air into a powerplant working fluid of reasonable density.
To pressurize the intake to 1 atm at 80 kft, an overall pressure ratio (OPR) better than 36:1 is required. Several turbomachinery stages are needed for intake pressurization. For example, at least 3 centrifugal compressor stages are required to provide an OPR of 30 to 40; more if an axial compressor is used.
Because of low inlet density, the turbomachinery is large in size, especially the first stage. Volume flow (corrected flow) requirements increase with altitude, which translates to larger turbomachinery diameters. Pressure ratio requirements also increase with altitude, which translates to more turbomachinery stages.
Since power is proportional to airflow for any air breathing engine, the machinery size required to process airflow for a given rated power will grow with altitude as OPR and corrected flow are increased. Figure 2 illustrates how machine diameter and length must change as OPR and corrected flow are increased to compensate for altitude. Two turbo-machines are shown. One is an axial flow unit typical of a turbojet engine, pressurizing a 40 psia combustor flowing a constant 100 Ibm/sec. The other is a centrifugal unit common to reciprocating engine turbochargers, maintaining a constant 30 in HgA manifold pressure and flowing 0.2 Ibm/sec. Both machines are compressing from altitude ambient conditions at the inlet (US Std. Atmosphere).
Interstage cooling is assumed for both, and consistent tip speed limits and inlet flow velocities are observed for each machine type. Note how machine dimensions must increase as the inlet conditions are changed from sea level to 90,000 ft. For either unit, length increases more than 5 times while diameter increases more than sevenfold. Weight is proportional to the cube of linear dimensions.
The atmospheric density lapse causes the need for very large heat exchangers. The density lapse from sea level to 80 kft produces a five fold decrease in Reynolds number (Re) and more than tenfold decrease in convective heat transfer. Heat exchanger sizing is driven upwards by three factors: (a) reduced convective heat transfer available, (b) the lower density ambient air has less heat capacity, and (c) the need for more heat rejection, due to the increased compression heat loads associated with higher OPR's For example, Fig. 3 shows how the weight and frontal area of a typical aircraft engine coolant heat exchanger must increase to reject the same heat load at altitude versus a sea level unit (including the effects of reduced air temperature with altitude ).
Flying subsonically in low density air also creates the requirement for larger thruster "capture area" or "actuator disk" areas in order to achieve reasonable propulsive efficiencies that are needed to reduce fuel consumption and provide range. Figure 4 shows the relationship between the minimum thruster "capture area" needed to maintain 100 Ibf thrust versus altitude (US Std. Atmosphere), for a given propulsive efficiency.
Two representative airspeeds are illustrated. Mach 0.8 represents the approximate upper speed limit for a subsonic jet aircraft, while Mach 0.4 represents a slower aircraft speed that reduces fuel burn. At 80 kft and M = 0.8, a 50 percent propulsive efficiency requires at least 1 _ capture area, which is equivalent to the nozzle exit of a small turbojet. If capture area can be raised to 8 ft2, however (equivalent to a turbofan engine), propulsive efficiency improves to 90 pct. At the slower speed of M = 0.4, the same 8 _ capture area would produce only 70 pct efficiency--to regain 90 pct efficiency the capture area has to be increased to at least 30 _ (i.e. a propellermnote that actual capture areas will be somewhat larger than this idealized minimum). Subsonic flight at altitudes >80 kft will favor thrusters with relatively large actuator areas (i.e. a propeller driven aircraft), and the actuator size (i.e. propeller diameter) will be 2 to 3 times larger than what is common for a conventional aircraft.
Because of the increased size and weight of the air handling, thermal management and thrust delivery components, a propulsion system designed for high altitudes is significantly larger and heavier than its low altitude counterpart. Further complicating matters, the high altitude aircraft will need more power to stay aloft because of the faster flight speeds necessary (to maintain dynamic pressure and support its weight in low density air). The propulsion system grows in both rating and in specific weight, which tends to claim greater and greater fractions of the airplane's gross weight. This of course runs counter to the airplane's ability to carry the weight. At low altitudes, the turbine engine can generate 2 to 5 times higher power density than the reciprocating engine as long as inlet air mass flow is adequate. Mass flow is easily obtained at low altitudes where air densities are high, and is achievable at higher altitudes by flying at faster speeds using inlet precompression.
PROPULSION SYSTEM OPTIONS
Historically the turbine engine was the key to high altitude flight, since it was the first powerplant with high enough specific power to push level flight into the supersonic range. The turbine engine's higher fuel consumption, 1.5 to 2 times that of the reciprocating engine, is not a disadvantage for most aircraft applications because of the higher specific power.
The acknowledged altitude records for subsonic flight, (shown in Table I), are dominated by turbine powered aircraft. The highest is held by the Viet Nam era AQM91 Compass Arrow spyplane, which achieved better than 80 kft more than 25 years ago [1].
Powered by a special design turbojet engine (shown in Fig. 7 ) this aircraft achieved its record altitude flying at M = 0.83, a speed which was just enough to give the inlet precompression needed to keep its combustor lit. The turbine engine exhibits a specific power that varies roughly proportional to ingested air density since machine size is fixed. As density drops off at higher altitudes, the machine ingests less air mass, resulting in reduced power and reduced thrust. Combustor pressure is correspondingly reduced; eventually to the point where combustion of hydrocarbon fuel can no longer be supported. Figure  7 shows the J97's thrust lapse curve, whose behavior is typical of all turbine engines.
As an example, the Compass Arrow's J97 turbojet which was capable of >4,000
Ibf thrust at sea level, would produce only 184 Ibf at 80 kft (M = 0.85) and is operating on the verge of flameout. to prevent flameout at high altitudes. Figure  8 shows the preliminary concept layout for such an engine. Compared to the J97, this new engine has larger flow areas (larger diameter), more turbo-machinery stages, higher overall pressure ratio, higher flameout altitudes, and more thrust. As Fig. 8 
PROPULSION SYSTEM SELECTION FOR ATMOSPHERIC SCIENCE AIRCRAFT
These considerations leave the turbocharged reciprocating engine as the only remaining candidate, since it is the only low cost candidate. The turbocharged engine is low cost, because of the existing technology base of mass produced automotive and general aviation hardware that can be adapted to build such an engine. The technology is widely available and well supported. Recent trends in automobile manufacture to reduce weight (improve fuel economy) have rendered this technology base more applicable to aircraft propulsion, to the extent that many general aviation home builders have developed automotive powerplant conversions that are weight competitive with certified aero engine installations. There is a marketplace for turbocharged engines that already includes a number of small business developers who mainly modify and assemble hardware manufactured by others (for auto racing, experimental and homebuilt aircraft etc), some of whom might find a niche participating in the development/manufacture/service/ support of specialized turbocharged powerplants for high altitude unmanned aircraft (potentially a profitable niche for commercial HALE platforms, a very small niche for atmospheric science aircraft). The turbocharged reciprocating engine is technically quite competitive with the turbine engine at high altitudes. Although the power density of a turbine engine is higher than the reciprocating engine at normal altitudes, the reciprocating engine begins to compare favorably with turbine engine at altitudes above 80 kft, especially at the lower speeds where inlet precompression is not available. While it must be augmented with multiple stages of turbocharging and intercooling for atmosphere pressure/density compensation, the reciprocating engine's weight growth with altitude is not as rapid as the pure turbine engine's; mainly because the turbomachinery needed to raise OPR is confined to the induction air, which is less than 1/10th the overall air consumption.
The highest altitude potential accrues to the spark ignited gasoline engine since it burns a nearly stochiometric fuel air mixture, thus maximizing induction air utilization. Furthermore, its exhaust gases are hot enough (1400 to 1600°F) to yield excess enthalpy which is needed to provide the turbocharger compressor work. Intake pressurization is accomplished by multiple stage units arranged in cascade, so that as altitude increases and ambient pressure decreases, the increasing pressure ratio across the turbine increases enthalpy extraction, roughly balancing the increased compressor loading.
The power density of the turbocharged reciprocating engine is limited by core engine detonation limits not the turbomachinery, so the resulting curve of performance with altitude (shown in Fig. 9) is _flat" extending from sea level to critical altitude where the turbo-machinery was sized (to deliver rated intake airflow and pressure). Above critical altitude the turbo-machinery can no longer sustain these airflows, so the performance curve exhibits a lapse behavior similar to the turbojet. As a design parameter, critical altitude should approximately coincide with the aircraft's design altitude and not exceed it, since the high altitude power generation capability so dearly paid for in propulsion weight is wasted beyond that point. Figure 10 shows specific air consumption of five air breathing engine types. Of these, the spark ignited gasoline engine has the lowest specific air consumption. Owing to its near stochiometric combustion, it utilizes all the air which is processedma major advantage where air processing makes up most of the powerplant. In addition, the turbocharged reciprocating engine retains lower fuel consumption. Table III compares the specific weight and thrust specific fuel consumption of representative turbojet and turbocharged powerplant installations at 80 and 90 kft. Specific weights apply to the entire propulsion unit (including drivetrains, propellers, heat exchangers, etc.) and flight speeds are chosen to provide each powerplant with its inherent competitive advantage. Comparison shows that at 80 kft the turbocharged propeller unit will be slightly heavier per Ibf thrust than the turbojet, but it will have lower thrust specific fuel consumption (TSFC). If the comparsion is repeated at 90 kft, the turbocharged unit is somewhat lighter than the turbojet per Ibf thrust and has lower TSFC. These same trends were also observed when turbocharged reciprocating engines were compared with specialized turboprop units designed for 90 kft [2].
These performance advantages may be exploited to a limited extent, but due to the increasing size and weight of ancillaries required to maintain altitude performance, the powerplant eventually becomes too heavy to be supported by the wing loading available. Fig. 11 , the no fly zone).
Reliability
of the turbocharged reciprocating engine will be lower than a turbine engine since it is physically more complicated.
Operational reliability of a system consisting of so many interconnected elements is a significant issue. are more likely to be overshadowed by the teething problems associated with few-of-a-kind systems.
Since a remotely piloted aircraft gives the operator only limited ability to detect problems in flight and even less ability to respond to them, low reliability means a higher likelihood of loss for both mission and aircraft.
These risks may be tolerable if human operators are no longer in harm's way. Table II).  To save money,  much of the original  TEAL  RAIN  hardware has been re-utilized. Figure 12 is a photograph of the triply turbocharged Rotax engine in the TMS chamber, Fig. 13 Rated Altitude (kft) 
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